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Agricultural  soils  have  the  potential  to be an important  carbon  (C) sink  with  proper  management.  The
main  goal  of  this  study  was  to  characterize  C dynamics  and  net  C  exchange  over  two  full  crop  years  at
two sites  in  the  inland  Paciﬁc  Northwest  (iPNW).  The  iPNW  is  a highly  productive  dryland  wheat  growing
region.  The  two  measurement  sites  represent  the  low-  and high-end  of  the  regional  precipitation  gradient
(250  and  550  mm  year−1, respectively).  The  low  rainfall  site  is  in a winter  wheat-fallow  rotation,  while  the
high  rainfall  site is under  continuous  cropping  with  a  rotation  that includes  winter  wheat  and  pulse  crops.
The net  ecosystem  exchange  of  CO2 (NEE)  was  monitored  using  the  eddy  covariance  method.  The winter
wheat  cropping  years  were  strong  CO2 sinks,  with  net  uptake  of  517  ±  26 and  524 ±  29 g C m−2 year−1 at
the  high-  and  low-rainfall  sites,  respectively.  The  fallow  and pulse-crop  years  were  close  to  neutral  with
respect  to NEE,  with  a net uptake  of 20  ±  38  g  C m−2 year−1 for garbanzo  beans  at  the  high  rainfall  site,  and
a  net  loss  of  3 ±  19  g  C m−2 year−1 for the  fallow  season  at the  low  rainfall  site.  Combining  NEE  with  other
carbon  exchange  terms,  most  importantly  carbon  import  and  export  via  seeding  and  harvest,  gives  the
net ecosystem  carbon  balance  (NECB).  We  found  that even  when  harvest  export  was  taken  into  account,
both  sites  acted  as  net carbon  sinks  over  the  two year  period:  the NECB  at the  continuous  cropping
site  was  202  ±  60 g C m−2, and  the  crop-fallow  site  had  a NECB  of  444  ±  34  g  C m−2.  These  results  present
useful  insights  to  ﬁeld-scale  C dynamics  on ﬁnely  resolved  timescales.  To understand  the potential  of
soils  as a  long  term  C  sink  however,  longer-term  monitoring  over  multiple  complete  crop  rotation  cycles
in combination  with  other  ﬁeld  measurements  or process-based  models  will  be  necessary.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Agriculture’s role in the global carbon budget is important but
nadequately understood. The disturbance to the soil associated
ith cultivation has resulted in a 25–50% decrease in soil carbon
C), most of which has been lost to the atmosphere (Beniston et al.,
014; Kucharik et al., 2001; Mann, 1986). This deﬁcit can be thought
f as a reservoir to be ﬁlled via changes in agricultural management
Baker et al., 2007). Cultivated soils are a potentially important sink
or C, estimated to be 40 Mt  C yr−1 in the United States (Lal, 2003;
al et al., 2003), or between 5% and 14% of annual US greenhouse
∗ Corresponding author. Tel.: +1 509 335 7986.
E-mail address: sarah.waldo@wsu.edu (S. Waldo).
ttp://dx.doi.org/10.1016/j.agrformet.2015.11.018
168-1923/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
gas emissions (Murray et al., 2005; Paustian et al., 2006). Reducing
tillage, incorporating cover crops, diversifying crop rotations, and
reducing fallow periods are some of the management changes that
have the potential to increase carbon storage in agroecosystems
(Eagle et al., 2011; Lal et al., 1998; Purakayastha et al., 2008; Smith
et al., 2007).
There is a high degree of variability in carbon dynamics between
the same crop in different locations and/or from year to year. Scores
of studies have looked at the C dynamics of different agroecosys-
tems using the eddy covariance (EC) method (reviewed in e.g.
Ceschia et al., 2010; Gilmanov et al., 2010, 2013, 2014; Kutsch et al.,
2010). There is a wide range in the C balance for the agroecosys-
tems included in these reviews: from a net sink of 690 g C m−2 yr−1
to a net source of 275 g C m−2 yr−1 (Ceschia et al., 2010). This range
is due to the variability in C dynamics in agroecosystems as a
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Summary of key characteristics of the high and low rainfall study sites.
Characteristic CAF-NT LIND
Avg annual
precipitation
550 mm 247 mm
Location 46.78◦N, 117.09◦W 46.99◦N, 118.60◦W
Elevation 800 masl 475 masl
Soil type and order Silt loam, Mollisol Silt loam, Mollisol
%  SOM in top 5 cm 2–5% 1–2%
Avg annual temp 9 ◦C 10 ◦C
Tillage type Direct drill (no-tillage) Chisel plow and
cultivate (reduced
or direct drill) management since 1998. The no-till site is hereafter
referred to as CAF-NT. The site was  under WW during the 2012
crop year and GB in 2013 (see Table 2), deviating from the normal
rotation in order to address biological pathogens. Approximately6 S. Waldo et al. / Agricultural and Fo
unction of cultivar, soil type, climate, and management. Further-
ore, as Schmidt et al. (2012) point out, the carbon budget of the
receding crops has an important impact on that of subsequent
ropping years. This site-to-site and year-to-year variability makes
t difﬁcult to prescribe management practices based on measure-
ents from a single crop year. A few recent EC publications have
haracterized a crop’s carbon budget over multiple crop years/full
rop rotations to address this issue (Aubinet et al., 2009; Beziat
t al., 2009; Glenn et al., 2010; Schmidt et al., 2012).
This study reports the results of the ﬁrst multi-year EC mea-
urements of CO2 over the unique and highly productive dryland
heat cropping systems in the inland Paciﬁc Northwest (iPNW).
hus, this work presents new C dynamics data for an important
gricultural region and our results contribute to understanding the
ridge from short-term carbon ﬂux measurements to long-term
hanges in soil organic carbon. We  analyze measured carbon ﬂuxes
ver two sequential crop years at two sites with very different rain-
all regimes in the iPNW. This region differs from other dryland
egions with wheat-based cropping systems in several important
ays. European systems tend to use organic fertilizer and harvest
he straw along with the grain, while in the iPNW most growers use
nly synthetic fertilizer and the straw residue is retained. In mid-
ontinent North America, most of the precipitation occurs during
he growing season, while in the iPNW the crops rely on stored soil
oisture built up from winter and spring precipitation. The latter
actor has critical implications for the effects of climate change in
his region where warmer temperatures are projected to be accom-
anied by signiﬁcant changes in seasonal precipitation (Abatzoglou
t al., 2014).
The overall goal of this research is to increase our understanding
f the relationship between management, climate, and the C budget
n iPNW agroecosystems as part of the USDA-supported Regional
pproaches to Climate Change (REACCH) program (https://www.
eacchpna.org/). The work represented herein is a ﬁrst step in a
lan to develop a long term record of C dynamics for wheat sys-
ems in this region, as part of a USDA Long-Term Agroecosystem
esearch (LTAR) site. We  report here on two locations which are
oth dryland, wheat-based cropping systems in eastern Washing-
on, but they represent two extremes within the region in terms
f rainfall (550 vs. 250 mm annually) and management practices.
hough soil carbon has been extensively studied in agroecosystems
n this region (e.g. Stockle et al., 2012; Brown and Huggins, 2012),
his work, along with results presented in the companion paper (Chi
t al., 2015) constitute the ﬁrst use of the EC method and auxiliary
iotic measurements to provide highly time-resolved information
n carbon dynamics and related water and energy ﬂuxes at multi-
le sites over more than one consecutive growing season. The data
re used to address the following science questions:
. How do net CO2 ﬂuxes (NEE) and C budgets (NECB) compare
between these two low and high rainfall measurement sites?
• What are the seasonal differences in carbon dynamics?
• How sensitive are the measured C ﬂuxes to variations in pre-
cipitation amount and timing?
. What are the implications of these two-year budgets for long
term C storage?
• How does this budget compare to other approaches and in
other agricultural systems?
Through answering these questions we will improve the under-
tanding of C dynamics in iPNW agroecosystems, which will help
o identify best management practices for climate mitigation. The
nalysis also sheds light on how EC compares to other C measure-
ent techniques.tillage)
Crop  rotation type Continuous cropping Crop-fallow
2. Materials and methods
2.1. Site description
Comparison of key characteristics of the two study sites is sum-
marized in Table 1. The high-rainfall study site is located 10 km
northeast of Pullman, WA at the Washington State University
Cook Agronomy Farm (CAF) (46.78◦N, 117.09◦W,  800 m above sea
level). Both this site and the low-rainfall site are located in the
Columbia Basin, and were zonal xeric grassland or steppe (Franklin
and Dyrness, 1973; Kovar-Eder et al., 2008) before conversion to
agriculture. The region has a Mediterranean, semi-arid climate,
with the majority of precipitation falling between October and
April. The average annual precipitation at the study site is 550 mm.
The soils are silt loam (Naff, Thatuna, and Palouse Series) of
the Mollisol order (Soil Survey Staff, N.R.C.S. and United States
Department of Agriculture, 1999, 2013) with 2–5% organic matter
in the top 20 cm (Purakayastha et al., 2008). The average high
temperature is 26 ◦C in the summer and the low is −4 ◦C in the
winter, with an overall average annual temperature of 9 ◦C from
1981–2010 (NOAA, 2015). The prevailing wind directions in the
region are from the southwest and east, but at the site local ﬂows
are from the east and east by southeast, with occasional winds
from the west and west by southwest (Fig. 1). The site is currently
under a rotation that includes winter wheat (Triticum aestivum,
“WW”), spring wheat, and pulse crops, including garbanzo beans
(Cicer arietinum,  “GB”) and has been under no-tillage (aka no-tillFig. 1. Locations of study sites. The daytime fetch of each ﬂux tower site is ∼100 m
(gray ring). The wind roses show wind direction frequency for the two-year study
period at each site.
S. Waldo et al. / Agricultural and Forest M
Table  2
Summary of management activities at the two  sites over the two  monitored crop-
years.
Date Management
CAF-NT
19 Aug 2011 Tower installation; ﬁeld in garbanzo beans
22  Oct 2011 Seeding of winter wheat
22  Oct 2011 Fertilization
22 Aug 2012 Harvest
2 May  2013 Seeding of garbanzo beans
2  May  2013 Herbicide
22 Aug 2013 Herbicide (dry crop for harvest)
15  Sept 2013 Harvest
LIND
Oct 2011 Tillage: undercut
21 Nov 2011 Tower installation; ﬁeld was  fallow
14  April 2012 Herbicide
9 May  2012 Fertilization
9 May  2012 Tillage: cultivate
10 July 2012 Rod weeding
25 July 2013 Rod weeding
29 Aug 2012 Seeding of winter wheat
29  Aug 2012 Fertilization
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1  Aug 2013 Harvest
.4 million hectares of agricultural land in the iPNW fall into the
ategory of high rainfall continuous cropping.
The second site is located 130 km west of CAF-NT near Wash-
ngton State University’s Dryland Research Station in Lind, WA
46.99◦N, 118.60◦W,  475 m above sea level). This site is located
n the Columbia Plateau and has relatively ﬂat topography. The
verage annual precipitation at this site is 247 mm,  only 45% of
he average at CAF-NT. The soils are silt loam (Shano and Ritzville
eries) of the Mollisol order, with 1–2% organic matter in the
op 20 cm (Al-Mulla et al., 2009). The average high and low tem-
eratures are 30 ◦C and −6 ◦C, with an annual average of 10 ◦C
AgWeatherNet, 2014). The prevailing wind directions at this site
re from the southwest and northeast (Fig. 1). The site is operated
nder a WW-tillage fallow rotation. This site was under tillage fal-
ow (TF) during the 2012 crop year, and WW the following year
Table 2). The fallow period, where the ﬁeld is tilled but no crop is
rown, is used to build up soil moisture in the seed-zone to increase
roductivity of the following WW crop. Tilling the ﬁeld establishes
oil mulch and controls weeds, which in turn reduces evaporation
nd heat ﬂow from the soil (Al-Mulla et al., 2009; Hammel et al.,
981; Papendick et al., 1973). The growers at this site changed the
ype of reduced tillage management they used in 2012, which will
e discussed further in Section 4.2.2. This site is designated the LIND
ite, and is representative of ∼1.8 million hectares in the region
Al-Mulla et al., 2009).
In this analysis, we use the crop year rather than the calendar
ear to distinguish between the two annual cultivation periods.
rop years mirror hydrological years, running from 1 October to 30
eptember. This is preferable for winter crops, as they are seeded
n the fall and harvested at the end of the following summer. For
xample, in the 2012 crop year at CAF-NT winter wheat was planted
n October 2011 and harvested in August 2012.
.2. Carbon budget calculation
There are many ways to deﬁne the carbon budget of agricultural
ystems, from the net uptake of crop (Gilmanov et al., 2010, 2013) to
he net emissions related to all farm activities (Ceschia et al., 2010).
he different deﬁnitions correspond to different science questions,
hich dictate how the spatial and temporal boundaries are set. The
ocus of this study is to assess the capacity of wheat-based cropping
ystems in the iPNW to contribute to climate change mitigationeteorology 218–219 (2016) 25–36 27
via medium- to long-term storage of carbon on the ﬁeld or in the
soil. For this reason, we  estimated the C budget of the two  agroe-
cosystems over the two crop years by calculating the net ecosystem
carbon balance (NECB) (Chapin et al., 2006):
NECB = −NEE + FCO + FCH4 + FVOC + FDIC + FDOC + FPC (1)
where NEE is the net ecosystem exchange, and the F terms denote
the exchange of carbon monoxide (CO), methane (CH4), volatile
organic carbons (VOC), dissolved inorganic carbon (DIC), dissolved
organic carbon (DOC), and the net lateral transfer of particulate
(nondissolved, nongaseous) carbon (PC). Important lateral trans-
fers of C in agricultural systems include export of C in the harvested
biomass and import of C via sowing of seeds and application of
organic fertilizer or lime. NEE is measured directly by the EC system,
and is comprised of the following terms:
NEE = GPP − (Ra + Rh) (2)
where GPP is the gross primary productivity, Ra is autotrophic res-
piration and Rh is heterotrophic respiration. The sum of these last
two terms is Reco, or the total ecosystem respiration. NEE was  parti-
tioned into GPP and Reco via a non-linear regression (Section 2.3.1,
described in detail in Chi et al., 2016) based on temperature and
radiation measurements (Gilmanov et al., 2003; Lloyd and Taylor,
1994; Monteith, 1972, 1977).
For our study, FCO, FCH4 , FVOC, FDIC, FDOC, and other forms of lateral
transfer (FPC) such as ﬁres, animal movement, and wind deposition
and erosion can be ignored as they are smaller than the uncertain-
ties in the NEE (see Section 4.2.1). Because of this, our deﬁnition of
the carbon budget can be reduced to:
NECB = −NEE + IMP  − EXP (3)
where IMP  and EXP are import via seeding and export of harvested
biomass, respectively. IMP  was  determined through combining the
reported seeding rates (kg ha−1) speciﬁc to the ﬁelds with the mea-
sured C content of the harvested grain. Since neither of the study
sites used organic fertilizer or lime, the import C was small com-
pared to other terms in the equation. However, since this term
was easily available from the farm managers, it is included for
completeness. EXP was determined by the C content of the grain
samples collected shortly before harvest. This deﬁnition of the car-
bon budget in Eq. (3) has been used in several other recent studies
on agricultural C ﬂuxes (e.g. Anthoni et al., 2004; Aubinet et al.,
2009; Beziat et al., 2009; Du and Liu, 2013; Schmidt et al., 2012;
Suyker and Verma, 2012). In these studies the combination of NEE
with seeding import and harvest export was termed the net biome
production, or NBP. However, Chapin et al. (2006) deﬁne NBP as the
NECB extrapolated over larger spatial scales, and so to avoid ambi-
guity we will use NECB throughout to refer to the ﬁeld-scale carbon
budget. For NECB (Eqs. (1) and (3)) we use the ecological sign con-
vention that positive values denote accumulation of C in the study
ecosystem. For NEE, GPP, and Reco (Eq. (2)), the atmospheric sign
convention is used: negative numbers denote downward ﬂuxes or
inputs of carbon from the atmosphere to the surface.
2.3. Field measurements
2.3.1. Eddy covariance measurements
The eddy covariance (EC) instrumentation at each site consisted
of an open-path infrared CO2/H2O analyzer and three-dimensional
sonic anemometer (EC150/CSAT3A/EC100, Campbell Scientiﬁc,
Logan, UT, USA) mounted on an aluminum tower at a height of
∼2.0 m.  EC sensors were queried and logged at 10 Hz  by the data
logger (CR3000, Campbell Scientiﬁc, Logan, UT), whose operating
program was based on the CRBasic Extended Eddy Covariance Pro-
gram (18443, Campbell Scientiﬁc, Logan, UT, USA). The 10 Hz time
2 rest Meteorology 218–219 (2016) 25–36
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Table 3
Dates that biomass samples were collected from each site. The samples were dried,
weighed, and analyzed for C and N content.
Sample no. CAF-NT 2012 CAF-NT 2013 LIND 2013
1 18 May  2012 15 July 2013 14 May  2013
2  4 June 2012 30 July 2013 28 May  2013
3  21 June 2012 30 August 2013 10 June 2013
4  13 July 2012 29 June 20138 S. Waldo et al. / Agricultural and Fo
eries were stored to compact ﬂash cards which were exchanged
very two to three weeks. Preliminary net ﬂuxes of CO2 (net ecosys-
em exchange of CO2, or NEE), latent heat (LE), sensible heat (H), and
ummary statistics were recorded at 5- and 30-min intervals and
ew records were retrieved several times daily by cellular teleme-
ry (Raven XT, Sierra Wireless, Newark, CA, USA). Although logger
alculated ﬂuxes of CO2, LE, and H are considered preliminary (dis-
ussed below), their availability served as a safeguard against large
aps in the ﬂux time series in the event of loss of the 10 Hz raw
ata. The CAF-NT station was installed in August of 2011 and the
IND station in November of 2011. Measurements presented here
xtend from the 9 October 2011 at CAF-NT and 22 November at
IND through 30 September at each site.
The primary EC ﬂuxes used for analysis were calculated using
he raw 10 Hz data with the software package EddyPro® version
.2.0 (LI-COR Biosciences, Lincoln, NE, USA). During the processing,
he following techniques were employed: spike detection and
emoval, ﬁltering by absolute limits, and ﬁltering for CO2 and H2O
ignal strength below 80%. Double coordinate rotation was  used
Kaimal and Finnigan, 1994), as well as frequency loss corrections
Moncrieff et al., 1997, 2004) and the Webb, Pearman, Leuning
WPL) density correction (Webb et al., 1980). The EddyPro open
ource software also tests for stationarity and developed turbulent
onditions (Foken and Wichura, 1996), which results in a quality
ontrol ﬂagging system that identiﬁes time periods where mete-
rological conditions do not meet the assumptions necessary for
sing the EC method.
Following ﬂux calculation with EddyPro software, the ﬂux out-
uts underwent further quality assurance/quality control. The
utputs were ﬁltered for periods ﬂagged as low quality by EddyPro,
s well as periods where there was rainfall, winds from behind the
C tower, low battery voltage, or u* < 0.13. This u* threshold was
et to minimize dependence of CO2 ﬂux on turbulence based on
 visual analysis (Moureaux et al., 2008). Negative nighttime CO2
ux values (indicating an unphysical CO2 uptake at night) were also
ltered. The ﬂux outputs were then ﬁltered for remaining outliers
sing the procedure described in Papale et al. (2006). Outliers were
ltered if they were greater than three times the standard deviation
f the running average, and iterated three times to address clusters
f outliers.
The ﬂux datasets were gap ﬁlled using a combination of meth-
ds. First, gaps in the CAF-NT ﬂux datasets due to loss of the raw
0 Hz data were ﬁlled using ﬂuxes calculated by the data logger
perating program, where available. Notably, the 10 Hz data from
 June thru 18 July of 2013 at the CAF-NT site were lost because
he compact ﬂash memory cards were not exchanged on schedule
nd the measurement records over ranged the acquisition capacity.
he data logger ﬂux calculation procedure differs from the EddyPro
oftware procedure in two key ways: it does not ﬁlter spikes in the
0 Hz data, nor does it perform a high-frequency loss correction.
fter ﬁlling the large gaps with the data logger ﬂuxes and ﬁlling
aps in the meteorological data using available measurements from
 nearby weather station, smaller gaps in CO2 ﬂuxes were ﬁlled
sing a non-linear regression (NLR) technique (Desai et al., 2008;
loyd and Taylor, 1994; Schmidt et al., 2012). Remaining gaps in
he ET, H, and LE ﬂuxes were ﬁlled using the mean diurnal varia-
ion (MDV) method (Falge et al., 2001; Moffat et al., 2007), which
stimates a ﬂux value for a missing half-hour period by averaging
he values of adjacent days at that same time period. We  used a
ime window of the ten days before and after a missing point for
he MDV  gap ﬁlling. For more detailed information on NLR and MDV
ap-ﬁlling, see Chi et al. (2016).
There are many sources of error inherent to eddy covariance
easurements, many of which are minimized through experi-
ental design (e.g. adequate fetch, avoiding ﬂow distortion by
he tower), corrections during processing (e.g. WPL  correction for5  17 August 2012 21 July 2013
6  1 August 2013
buoyancy effects, compensating for time lag between sensors),
and by the quality control/quality assurance procedure (Finkelstein
and Sims, 2001). There are two  remaining important sources of
uncertainty: sampling error and uncertainty due to gap ﬁlling. The
magnitudes of these sources of uncertainty were determined using
a Monte Carlo analysis (Richardson and Hollinger, 2007). The uncer-
tainty analysis was conducted for all four site years. See Chi et al.
(2016) for further details on the uncertainty analysis for these site-
years.
2.3.2. Biological and meteorological measurements
Aboveground biomass measurements were made several times
through each growing season to track the accumulation of crop
aboveground biomass, carbon, and nitrogen. The samples were col-
lected from plots set up under guidance from the Terrestrial Carbon
Observation protocol developed for Ameriﬂux (Law et al., 2008).
Brieﬂy, the protocol calls for the establishment of four smaller cir-
cular subplots spaced within a larger hectare-sized circular plot.
One subplot is in the center, and the other three radiate out evenly
spaced (120◦) and a distance of 35 m.  Using this protocol increases
the consistency, representativeness, and reproducibility of the
biomass samples. The subplot sampling locations were established
at both sites before the onset of the main growing season by mark-
ing the center and 5 m radii with ﬂags. Table 3 summarizes the sam-
pling schedule at each site. A square metal frame with side length
1 m was  placed around the sample area, and the biomass within was
manually harvested using rice knives. The four resulting samples
from each site were weighed, dried for several days at 45 ◦C, and
re-weighed. A portion of the dried samples were then ground for C
and N analysis. Carbon and nitrogen content of the dried biomass
were determined using a TruSpec (TruSpec CN Carbon/Nitrogen
Determinator Model #630-100-100, Leco Corporation, St. Joseph,
MI,  USA) and combining the C and N fractional content with the
total dry biomass weight per square meter provided aboveground
carbon and nitrogen content. The average of the C content per area
in the four subplot samples was  used to approximate ﬁeld-scale
average carbon content per area. To determine the harvest index,
subplot samples collected shortly before harvest were threshed
to isolate the harvested portion of the crop. C and N content of
the grain itself was also determined via TruSpec analysis. We did
not directly measure below ground biomass, as wheat roots can
extend 1.5–2 m below the surface. Instead, we used an allometric
approach to estimate the aboveground to belowground ratio based
on growing degree days (Baret et al., 1992; Moureaux et al., 2008).
This measure of the total biomass is a proxy for estimating the
net primary productivity (NPP):
NPP = ANPP + BNPP = GPP = Ra (4)
where ANPP and BNPP are above- and below-ground NPP, respec-
tively, GPP is gross primary productivity, and Ra is autotrophic
respiration. Comparing NPP with NEE is a means of determining
the relative contributions of autotrophic (Ra) and heterotrophic
(Rh) signals to the total ecosystem respiration, since in theory Rh is
the difference between the two. In practice, however, the biomass
measurement of ANPP combined with the allometric estimate of
rest Meteorology 218–219 (2016) 25–36 29
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Table 4
Crop year (1 Oct–30 Sept) statistics of air temperature, photosynthetic photon ﬂux
density (PPFD), precipitation, and vapor pressure deﬁcit (VPD) for the high rainfall
no-till site (CAF-NT) and the low rainfall reduced tillage fallow site (LIND).
Site, crop year
Variable CAF-NT 2012 CAF-NT 2013 LIND 2012 LIND 2013
Avg air
temperature (◦C)
8.9 9.1 10.4 10.4
Avg PPFD
( mol  m−2 s−1)
323 321 375 339
Tot  precipitation
(mm)
515 550 280 298
Avg daytime VPD 0.64 0.95 1.17 1.13
site average over the study period: 13% higher in 2012 and 21%
higher in 2013.S. Waldo et al. / Agricultural and Fo
NPP is affected by losses of C other than Ra, e.g. litterfall, her-
ivory, root exudation, or emission of volatile organic compounds
VOCs). Therefore, the difference between our measured NPP and
EE is Rh combined with any other losses of C from the biomass.
his has important implications for the interpretation of results,
nd is discussed further in Sections 3.3 and 4.1.1.
Each ﬂux tower location was also equipped with several auxil-
ary sensors. Incoming and outgoing radiation were measured using
 net radiometer (NR-Lite 2, Kipp&Zonen, Delft, Netherlands), and
hotosynthetically active radiation (PAR) was measured using a
uantum sensor (LI190SB quantum PAR sensor, LI-COR Biosciences,
incoln, NE, USA). Other meteorological measurements included
emperature and relative humidity (HMP155A, Vaisala Inc, San Jose,
A, USA), horizontal (2D) wind speed and direction (MetOne 034B
indset, Met  One Instruments, Grants Pass, OR, USA). Because of
ensitivity issues with the rain gauges at the ﬂux towers, the pre-
ipitation data from nearby weather stations were used instead
National Climatic Data Center, NOAA). For CAF-NT, the closest
tation was Pullman 2 NW,  (46.76◦N, 117.19◦W,  767 m above sea
evel), that is, 8 km southwest and 33 m lower elevation than the
ux tower site. For LIND, the Lind 3 NE data were used (47.00◦N,
18.57◦W,  497 m above sea level), or 3 km east and 22 m higher ele-
ation than the ﬂux tower location. A GPS receiver (GPS16x-HVS,
armin, Olathe, KS) was  used as a stable clock source and to obtain
eographic coordinates. Meteorological sensors were queried by
 programmable data logger (CR3000, Campbell Scientiﬁc, Logan,
T) at 1 Hz while the GPS receiver was queried every 15 s. Sum-
ary statistics were recorded at 5- and 30-min intervals and new
ecords were retrieved in the same manner as for the EC summary
ables. Off-grid power was provided by two 70 W solar panels and a
ank of six deep-cycle batteries. The tower sites were also outﬁtted
ith time lapse cameras (WCT-00122, Wingscapes, Calera, AL) to
ocument the development and management of the crops.
.4. Evaluation periods
Subdividing each crop year (1 October–30 September) into a
ain growing season (MGS) and off-main growing season (oMGS)
s helpful for interpretation of results from multiple sites over mul-
iple years to look at seasonal differences related to crop growth
nd development. We  deﬁned the start of the MGS  as the date when
aily NEE values had fallen below the annual median NEE for four
onsecutive days, and the oMGS to resume when daily NEE values
ere above the median for four consecutive days (based on Schmidt
t al., 2012). At CAF-NT, the median NEE was 0.35 g C m−2 d−1 in
012 (WW)  and 0.41 g C m−2 d−1 in 2013 (GB). At LIND, the median
EE in 2013 was −0.82 g C m−2 d−1. These threshold values led to
he deﬁnition of the following main growing seasons: 7 April–8
ugust 2012 and 4 May–1 September 2013 for CAF-NT WW and
B, respectively; for LIND, 13 January–21 June 2013 for WW.  Since
IND was under till-fallow management in the 2012 crop year, no
ain growing season was deﬁned.
Timing of ﬁeld management and crop phenological stages cor-
oborate the NEE-deﬁned growing season periods. The growing
easons fall between crop emergence and harvest at each site.
lthough crop phenological stages (Zadoks et al., 1974) were not
ecorded during the growing seasons, images from tower-mounted
ime lapse cameras allowed for later corroboration of the NEE-
eﬁned MGS  with emergence and senescence growth stages.
. Results.1. Meteorological conditions
With the exception of precipitation, the meteorological condi-
ions over the study period were similar to the long-term average(kPa)
at each site. Table 4 gives a summary of these conditions over the
2012 and 2013 crop years (1 October–30 September), and Fig. 2
shows the time series of daily values. Photosynthetic photon ﬂux
density (PPFD), air temperature, and vapor pressure deﬁcit (VPD)
were close to the long term averages for both sites. Precipitation
was slightly lower than average at the CAF-NT site during the 2012
and 2013 crop years: by approximately −6% and −5%, respectively.
Precipitation at LIND was considerably higher than the long-termFig. 2. Time series of meteorological variables at the CAF-NT (top) and LIND (bot-
tom)  ﬁeld site over the two-year study period. The dashed line indicates the
separation between crop years, 1 October.
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Table  5
Results of the Monte Carlo uncertainty analysis for the 2012 and 2013 crop years at
the two  study sites. For LIND 2013 (winter wheat), the total uncertainty constitutes
5%  of the overall NEE.
Uncertainty
(g C m−2 yr−1)
CAF-NT 2012 CAF-NT 2013 LIND 2012 LIND 2013
Measurement
(measure)
±3.4 ±2.3 ±1.6 ±2.3
Gap  ﬁlling (ﬁlled) ±25.6 ±37.3 ±18.5 ±28.0
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Fig. 3. Time series of carbon ﬂuxes, broken down into component partsTotal uncertainty
(NEE)
±26.2 ±37.8 ±18.5 ±28.5
.2. Data gaps and measurement uncertainty
Overall for CAF-NT and LIND, the best quality data covered 57%
nd 51% of the study’s half hour periods, respectively. The majority
f gaps are a result of missing data due to instrument issues that
ead to ﬁltering of the raw data by EddyPro software (47% of data
aps at CAF-NT, 45% at LIND), and the second biggest cause of data
aps is insufﬁcient turbulence or non-stationarity (38% at CAF-NT
nd LIND).
The Monte Carlo uncertainty analysis (Richardson and Hollinger,
007) produced uncertainties at these agricultural sites equal to
26.2, ±37.8, ±18.5, and ±28.5 g C m−2 yr−1, respectively at CAF-
T 2012, CAF-NT 2013, LIND 2012, and LIND 2013 (Table 5). The
ncertainty is 5% and 5.4% of the NEE for the CAF-NT and LIND
W crop years, and 190% and 633% of the NEE for the CAF-NT
arbanzo and LIND till-fallow crop years, respectively. This high
elative error is due to the small NEE at the sites during those years;
he uncertainty comes out to be 8.6% and 6.5% of the combined
wo-year NEE for CAF-NT and LIND, respectively. The majority of
he uncertainty is due to gap-ﬁlling at each site. Chi et al. (2016)
lso analyzed the energy balance closure for CAF-NT. Closure was
ound to be 83%, which is near the average found for good ﬂux
easurements using EC of 80% (Foken, 2008; Twine et al., 2000).
.3. Field-scale carbon cycling dynamics
Fig. 3 shows a time series of the daily NEE, GPP, and Reco. The
aily NEE values are integrated from the gap-ﬁlled half hour CO2
ux time series. The greatest magnitude daily GPP values observed
ere −21.1 and −12.6 g C m−2 d−1 for CAF-NT in 2012 (WW)  and
013 (GB), respectively; for LIND the greatest magnitude GPP val-
es were −4.4 and −13.1 g C m−2 d−1 for 2012 (TF) and 2013 (WW).
he maximum Reco value for CAF-NT in 2013 was 6.6 g C m−2 d−1,
nd it occurred during the elevated respiration event following the
nset of fall rains in the oMGS. The respiration levels during this
eriod were on par with those in the peak of the 2013 MGS. The
eak Reco for CAF-NT in 2012 was 8.7 g C m−2 d−1. LIND displayed
aximum respiration values of 4.6 and 6.8 g C m−2 d−1 in 2012 and
013, respectively. Notably, the ﬂux tower observations at LIND
id not show any increase in respiration following tillage on 9 May
012. During the WW crop years, both peak uptake (GPP) and loss
Reco) of C occurred during the MGS.
Table 6 summarizes the integrated carbon terms for the study
eriod, sub-divided by crop year and MGS. Both CAF-NT and LIND
ad similar NEE values over the winter wheat crop years, but
he net numbers result from different combinations of GPP and
eco. The NEE values for the WW years at CAF-NT and LIND were
517 ± 26 and −524 ± 29 g C m−2, respectively. At CAF-NT, higher
ates of primary production (−1409 ± 32 g C m−2) were offset by
igher respiration (892 ± 17 g C m−2), while the lower production
evel at LIND (−1335 ± 29 g C m−2) was matched by lower rates of
espiration (811 ± 35 g C m−2). This difference is most likely due to
he different moisture regimes at the two sites: the high rainfall
ite CAF-NT has more water available for both crop development(NEE = GPP + Reco) for CAF-NT (top) and LIND (bottom) over the two-year study
period. Grey boxes indicate the main growing season. The dashed lines indicate
October 1, the separation between crop years.
and microbial activity. The NEE values for the non-winter wheat
crop years were −20 ± 38 g C m−2 for GB cultivation at CAF-NT and
3 ± 19 g C m−2 for the TF season at LIND (Table 6).
Taking carbon transport via seeding and harvest into account,
the net ecosystem carbon balance (NECB, Eqs. (1) and (3), Section
2.2) values over the two-year study period were 202 ± 60 g C m−2
at CAF-NT and 444 ± 34 g C m−2 at LIND (Table 6, Fig. 4). These two-
year values are dominated by the NECB within the WW seasons,
which account for 88% and 99% of the total magnitude of the net
C budget at CAF-NT and LIND, respectively. The LIND ﬂux tower
was not fully operational until 22 November 2011 (53 days into the
2012 crop year), so the NEE from 1 October thru 22 November of
that year was  not measured. The missing C ﬂuxes for this period can
be approximated by looking at the corresponding months in 2013
following harvest of WW.  The cumulative NEE for 1 October until
22 November of 2013 was  −13 g C m−2, which is only 2.9% of the
two-year NECB. Adjusting for this consideration brings the NECB of
the TF year to 16 ± 19 g C m−2, and the two-year NECB for LIND to
−431 ± 34 g C m−2.
The difference between the NPP estimated through biomass
measurements and the NEE calculated via EC is heterotrophic respi-
ration (Rh) and losses of C from the biomass other than respiration. If
the other losses are small, (see Section 4.2.1), NPP should be larger
in magnitude than NEE. However, both are subject to uncertain-
ties in measurement and interpretation. The EC measurements are
subject to uncertainty due to sampling error and gap ﬁlling (Section
2.3.2). The result of the NPP calculation depends on how well the
samples capture the spatial variability of the ﬁeld, how valid the
assumptions in the root correction factor are (e.g. assumption of
no water stress), and the magnitude of other C losses. Notably, the
samples collected at the end of the season (after senescence) may
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Table  6
Carbon budget terms broken down by site, crop year (1 Oct–30 Sept), and main vs. off-main growing season (MGS vs. oMGS). Letters in parentheses indicate whether the
study  site was growing winter wheat (WW),  garbanzo beans (GB), or was  under tillage-fallow (TF). Net ecosystem exchange (NEE) is the net ﬂux of CO2 calculated from the
gap-ﬁlled eddy covariance results, which was  partitioned into gross primary production (GPP) and ecosystem respiration (Reco). NEE can be combined with the lateral C ﬂuxes
of  seeding import (IMP) and export of harvested grain (EXP) to calculate the net ecosystem carbon balance (NECB). Results are also shown for the C content measured in
aboveground biomass (ANPP) and estimated for total biomass (NPP, or ANPP + BNPP). NPP is the difference between NEE and the heterotrophic respiration. The total biomass
approximates NPP, if C losses other than autotrophic respiration are small.
C term (g C m−2) 2012 crop year (WW)  2013 crop year (GB) Total
Annual MGS oMGS Annual MGS  oMGS
CAF-NT GPP −1409 ± 32 −1230 ± 33 −179 ± 6 −851 ± 41 −652 ± 39 −199 ± 18 −2260 ± 52
Reco 892 ± 17 559 ± 14 333 ± 8 831 ± 32 378 ± 29 453 ± 10 1723 ± 19
NEE  −517 ± 26 −671 ± 27 154 ± 6 −20 ± 38 −274 ± 35 254 ± 17 −537 ± 46
IMP  4 ± 0.3 8 ± 4 12 ± 4
EXP  −287 ± 19 −60 ± 33 −347 ± 38
ANPP 682 ± 102 238 ± 63
NPP  781 ± 116 271 ± 71
NECB  234 ± 32 −32 ± 50 202 ± 60
C  term (g C m−2) 2012 crop year (TF) 2013 crop year (WW)  Total
Annual Annual MGS  oMGS
LIND GPP −519 ± 21 −1335 ± 29 −935 ± 25 −400 ± 12 −1854 ± 36
Reco 522 ± 28 811 ± 35 441 ± 33 370 ± 12 1333 ± 45
NEE  3 ± 19 −524 ± 29 −494 ± 20 −30 ± 18 −521 ± 34
IMP  0 2 ± 0.1 2 ± 0.1
EXP  0 −79 ± 5 −79 ± 5
ANPP  
NPP  
NECB  −3 ± 19 
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mig. 4. Bar graph summarizing C terms that make up the net biome production at
AF-NT and LIND. Whiskers indicate the uncertainty range based on the Monte Carlo
nalysis.
nderestimate total dry biomass as it is difﬁcult to sufﬁciently col-
ect fallen litter. This underestimation likely affected the biomass
easurements at CAF-NT in 2012 (WW),  where the 17 August NPP
s less than the 16 July NPP.
. Discussion
.1. Comparing NEE and NECB at the low and high rainfall sites
.1.1. Inﬂuence of environmental conditions
Water availability, and hence precipitation amount and timing,s a key uncertainty in agricultural management in non-irrigated
groecosystems. Insufﬁcient soil moisture during the growing sea-
on can lead to water stress and inhibit crop growth. Additionally,
icrobial activity is dependent on moisture availability, and CO2256 ± 17
291 ± 19
447 ± 29 444 ± 34
loss via heterotrophic respiration of soil organic matter can be
enhanced by greater precipitation. Generally in the iPNW most of
the annual precipitation occurs in the winter and spring, outside of
the main growing season (MGS). This behavior was not observed
during the WW crop year at CAF-NT. At CAF-NT the 2012 MGS  con-
stituted 34% of the crop year and a proportional 30% of the rainfall
occurred during that time. The increased moisture in the warmer
months may  have increased Rh; it may  also increase the GPP of the
crops. The end of season relationship between the NEE and NPP at
CAF-NT in 2012 indicates that Rh accounted for 27% of total res-
piration, while in 2013 (where only 18% of precipitation occurred
during the MGS), Rh accounted for 30% of total respiration (Fig. 5).
There is considerable uncertainty associated with these estimates,
however, due to the small sample size, the assumptions associated
with the BNPP estimate, and the inability to account for other losses
of C from the biomass. The limitations of measurements and the
complex relationships between weather conditions and C dynam-
ics speaks to the utility of modeling studies in assessing the impact
of projected warmer, wetter springs in the iPNW (Abatzoglou et al.,
2014) on soil C.
The precipitation situation at LIND is quite different, as the WW
growing season took place from January to June, a three month
offset from the typical WW growing season at CAF-NT. However,
the majority of the annual precipitation fell outside of LIND’s MGS.
The MGS  constituted 44% of the year, but received only 23% of the
precipitation.
Several factors indicated that the establishment of soil mulch
during the fallow season at LIND was  effective at conserving
soil moisture. The average daily evapotranspiration (ET) during
the MGS  of the TF season was 0.83 mm d−1, while during the
WW MGS  it was 1.42 mm d−1. Furthermore, the water balance
(Precipitation–ET) increased over the TF season to an excess of
64 mm.
The wetter than average years at LIND should have translated to
a higher than average yield, but a late season freeze event inhibited
grain development at LIND. Other farms in the area that were not
affected by the freeze event achieved yields of 60–80 bushels per
acre (Chad Kruger, personal communication), while the measure-
ment site had a yield of 26 bushel per acre (79 g C m−2). The late sea-
son localized freeze event occurred on 30 April and 1 May  (Fig. 2).
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Fig. 5. Time series of NEE, GPP, and Reco compared to biomass C measurements
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gNPP) for each productive site year. Markers show the biomass carbon, and whiskers
ndicate one standard deviation.
hose dates experienced nighttime lows of −2.6 and −5.5 ◦C,
espectively. This time period corresponded with peak daily NEE
alues (Fig. 3), and with the end of the stem elongation or beginning
f the booting growth stage, based on the time-lapse photography
rom the site. An adjusted normal export term can be estimated by
ultiplying the MGS  GPP value at LIND by the ratio of the WW yield
t CAF-NT to that site’s GPP during the main growing season. This
rocess gives a yield of 196 g C m−2 (∼65 bushels per acre), bringing
he 2012 WW NECB to −251 g C m−2. This value still indicates that
IND would have been a stronger C sink than CAF-NT by 27%.
At LIND, the biomass-estimated NPP is smaller in magnitude
han the measured NEE (Fig. 5). This indicates some combination
f large non-Ra C losses from the biomass, poor timing of the sam-
le collection, crop stress, and underestimation of nighttime CO2
missions by EC measurements. The freeze event may  also help
xplain why the biomass-based NPP estimate did not match the
EE measurements at the LIND site. The biomass sampling did
ot start at this site until 18 May, after the freeze events and
n the middle of the growing season. Many studies have shown
hat under stress, plants tend to allocate new biomass to resource-
cquiring roots (Marschner, 1995; Wild et al., 1987). Furthermore,
tudies on aboveground-belowground biomass ratios have found
hat crops at lower-yielding sites have larger root-to-shoot ratios
Plaza-Bonilla et al., 2014). The allometric parameterization of root
iomass deﬁned by Baret et al. (1992) assumes optimal conditions
or the wheat, and thus likely underestimates the ratio of under-
round to aboveground biomass at the LIND site.eteorology 218–219 (2016) 25–36
4.1.2. Seasonal differences
In addition to the year-to-year meteorological variability dis-
cussed above, the legacy of previous crops inﬂuences the C budget
of the monitored crop. At both LIND and CAF-NT, the WW crop years
had NECB values that indicated strong accumulation of C in the
agroecosystem, but these values do not take into account the break-
down of the WW residue. There were high levels of Reco closely
following the 2012 harvest, peaking at 5.6, 5.8, and 6.6 g C m−2 d−1
on October 15th, 30th, and November 8th, respectively (Fig. 3). The
elevated respiration was  likely due to the large amount of car-
bon lost from the wheat straw residue (∼350 g C m−2, based on
biomass measurements), paired with the onset of fall rains, starting
13 October (Fig. 2). Between the ﬁrst rainfall event and GB seed-
ing, respiration from CAF-NT totaled 207 g C m−2, representing 60%
of the residue carbon and 25% of the total Reco for the 2013 crop
year. This time lag in C cycling relative to deﬁned crop years points
to the importance of measuring multi-year or full crop rotation C
budgets rather than the budget of a single growing season or crop
year (Aubinet et al., 2009).
4.2. Implications of the two-year NECBs for long term C storage
4.2.1. Other carbon terms in the NECB equation
This study has assessed the carbon balance at the measurement
sites as a simpliﬁed version of the net ecosystem carbon balance
(NECB) deﬁned by Chapin et al. (2006). In this section, we  esti-
mate the magnitude of the other F terms: the exchange of carbon
monoxide (CO), methane (CH4), volatile organic carbons (VOC), dis-
solved inorganic carbon (DIC), dissolved organic carbon (DOC), and
the net lateral transfer of “particulate (nondissolved, nongaseous)
carbon” (PC) other than import and export. These other PC terms
include soot emitted during ﬁres, erosion, and deposition. The sum
of these terms constitutes the difference between the complete
NECB (Equation 1) and the version that has been used in this study
(Eq. (3)).
Soils can be a source or sink for CO depending on the balance
between soil microorganisms taking up CO to use it for energy
and the production of CO during the thermal and photochemical
breakdown of organic matter. A study by Galbally et al. (2010)
monitored ﬂuxes of CO over a semi-arid wheat ﬁeld, and found an
average CO emission of 11.7 ± 2.1 ng C m−2 s−1. This can be thought
of as an upper estimate, since the measurements were taken during
the daytime, and the emission of CO is positively correlated with
light and temperature. Converting this emission rate to cumula-
tive annual emissions of CO C yields 0.36 ± 0.06 g C m−2, less than
0.2% of the average annual NEE at both the CAF-NT and LIND sites.
Non-saturated soils (such as those in dryland agriculture) tend to
be a small sink for CH4. Results from the DAYCENT model give a
CH4 uptake of approximately 0.2 g C m−2 on an annual basis (Del
Grosso et al., 2002). A few studies have measured VOC emissions
from wheat to inform air quality model emission inventories. Karl
et al. (2009) reported a synthesis of VOC emissions by vegetation
type, estimating total VOC emission rate for wheat of 3.6 g VOC
per g dry weight per hour, at 30 ◦C and photosynthetic photon ﬂux
density (PPFD) of 1000 W m−2. An upper estimate of C lost as VOCs
can be calculated by assuming that 88% of the molecular weight is C
(the percentage for isoprene (C5H8), and monoterpenes (C10H16)),
three months of optimal emission conditions for twelve hours a day
and using the maximum dry biomass measured. This yields VOC
losses of 5.2 g C m−2, which is similar in magnitude to the C added
via seeding. Other studies have considered loss of C in the form of
VOCs and CH4 negligible, as they are smaller or on the same order
as the uncertainty associated with the NEE calculation (Smith et al.,
2010). Loss from dissolved or particulate carbon in this region are
estimated to be similar in magnitude to the ﬂuxes of CO and CH4,
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mounting to <0.3 g C m−2 on an annual basis (Erin Brooks, personal
ommunication).
Similarly, the exchange of particulate carbon in the form of soot
rom ﬁres, erosion, and deposition is comparatively small. There
as no ﬁeld burning at either site during the study period, so loss
f C in soot can be ignored. Since our study sites were surrounded by
imilar agricultural land, erosion and deposition likely were recip-
ocal processes. Rearranging soil C from hills to valleys on a ﬁeld
an have important impacts on soil conditions and crop growth, but
ot on overall ﬁeld scale C content (Gregorich et al., 1998; Nadeu
t al., 2015). We  can still estimate the magnitude of these processes
ith available information on wind erosion for the iPNW. Loss of
 via wind erosion was directly measured during two  high wind
vents at the LIND site in 2012. An upper estimate of C losses due
o wind erosion can be calculated by assuming ten high wind events
er year, an average soil loss per event of 70 g m−2 (Sharratt et al.,
015) and a soil carbon concentration of 0.5% (Brenton Sharratt,
ersonal communication). This gives an annual loss of 3.5 g C m−2.
t the LIND site, the two  high wind events in 2012 resulted in com-
ined losses of 1.1 g C m−2, suggesting that wind erosion may  play
 larger role in that region. However, even scaling this estimate up
o ten high wind events (to 5.5 g C m−2) gives a loss comparable to
OC emissions or the addition of C via seeding.
Considering these best estimates of other carbon sources and
inks only decreases the annual estimate of C storage by 5–9 g C m−2
epending on whether we assume erosion loss is compensated by
eposition or not compared to the simpliﬁed NECB estimate (Equa-
ion 3, Section 3.3). This difference is <10% of the smaller two-year
verage NECB at CAF-NT, which is smaller than the uncertainties
iscussed in Section 3.2 due to sampling and gap-ﬁlling errors.
owever, over many years these small cumulative losses of C may
e important for the long term budget.
.2.2. Relationship between NECB and soil C
The long-term average C budget at CAF-NT should be close to
ero (neutral), since the SOC gains from switching to no-till over
 decade ago have likely been realized and there is limited bio-
hemical basis for further storage (Brown and Huggins, 2012). The
et C sink observed at LIND, on the other hand, may  be part of
n overall trend in increasing SOC due to a change in tillage type.
he growers recently (October 2012) changed from undercutting to
hisel plowing and cultivating. The latter method is still considered
educed tillage, but is more intensive than undercutting. A recent
tudy found that employing a no-till rotation (NTR), wherein ten
ears of no-till management is followed by three years of conven-
ional tillage, resulted in higher levels of SOC than no-till practices
Purakayastha et al., 2008). This is thought to be because convert-
ng to a less intensive tillage results in SOC buildup in the top layer
∼7 cm)  of the soil, while incorporating inversion tillage mixes the
igh SOC top layer further into the proﬁle. It is not possible to say
hether this is the case at LIND from the two years of EC moni-
oring, but the negative NECB calculated for the two study years
ould be a combination of short-term C uptake in the residue and
onger-term SOC increases.
Results from long-term soil survey studies and modeling can
ive a sense of how the magnitude of the C budgets calculated
n this study compare to longer term changes in SOC. Averaging
he two crop years’ NECB give average annual C net uptake of
01 g C m−2 yr−1 for CAF-NT and 222 g C m−2 yr−1 for LIND. A review
f long-term soil surveys in the iPNW found a cumulative proba-
ility of 75% of gains in soil organic carbon (SOC) due to reducing
illage intensity (Brown and Huggins, 2012). Converting to no-
ill in the CAF-NT agroecological zone resulted in gains in SOC of
80 g C m−2 over fourteen years (20 g C m−2 yr−1), while switching
o reduced tillage in areas like LIND only increased SOC by less than
 g C m−2 over fourteen years (0.5 g C m−2 yr−1). Modeling resultseteorology 218–219 (2016) 25–36 33
for a site similar to CAF-NT agree with the survey numbers: a sim-
ulation study found buildup of 16–23 g C m−2 yr−1 (Stockle et al.,
2012). The same study found greater SOC gains than the survey
results at a site similar to LIND: 5–7 g C m−2 yr−1. These rates are
within the range of the global average reported by West and Post
(2002): 25 g C m−2 yr−1 for continuous wheat and 1.9 g C m−2 yr−1
for wheat fallow systems.
Many other multi-year EC studies calculate C budgets that
are greater in magnitude than the model and survey determined
changes in SOC. Table 7 summarizes these results. The export of
straw in addition to grain contributes to the depletion of C from
European systems over time (negative NECB). This loss of C agrees
with modeling results. Due to the decrease in organic fertilizer
application, Goidts and van Wesemael (2007) estimated a loss of
up to 32 g C m−2 yr−1 in Belgium. But again, this change in SOC is
up to 7 times smaller in magnitude than the C budget calculated
through EC and biomass measurements.
Although a portion of the difference may  be due to biases or
errors in the eddy covariance measurements, much of the differ-
ence can be attributed to the framework of the measurements. Eddy
covariance measures vertical ﬂuxes of CO2, or the carbon exchange
between the land surface and the atmosphere. Combining the EC
measurements with the lateral ﬂuxes of seeding import and harvest
export gives a ﬁeld-scale carbon budget. However, these results
do not distinguish between different C pools and so do not give
information about the form or tenure of the carbon accumulated
on the ﬁeld. A notable difference between the NECB calculation
and the estimates of changes in SOC is the crop residue. There is a
large amount of C in the residue biomass (∼200–350 g C m−2 yr−1
for WW),  and though much of the residue is respired quickly (up
to 60% in this study), the time lag between uptake and full respi-
ration could cause highly productive years such as the wetter than
average study period at LIND to have large magnitude NEEs.
More explicit relationships between changes in soil C and the
ﬁeld scale carbon budget determined through EC and biomass mea-
surements have been proposed. Gollany et al. (2013) found that less
than 20% of the residue C was  converted to SOC. Xie et al. (2010)
reported that on average, 21% of the NECB ends up stored long term
in the soil. This percentage was used explicitly as a coefﬁcient by Ma
et al. (2013) to convert their NECB estimate (based on chamber and
biomass measurements) to an estimate of SOC. Applying this 20%
coefﬁcient to the NECB values determined in this study gives SOC
estimations of 20 and 44 g C m−2 yr−1 for CAF-NT and LIND, respec-
tively. This adjustment brings the CAF-NT results into agreement
with the changes in C determined through soil surveys and model-
ing. The LIND adjustment is still too high, but this may  be explained
by the unusual growing conditions: wet  year high productivity
combined with low yield due to the freeze events. However, using
a coefﬁcient to convert from NECB to SOC discounts the portion
of the in-season respiration signal from breakdown of the residue
past cropping years. That is, the method of Ma  et al. (2013) to esti-
mate SOC from a given year of NECB measurements is looking at
one year of cultivation in isolation, whereas measurements of Reco,
whether via chamber or EC methods, integrates the signal from
everything at the surface, which includes decomposing residue of
many previous crop years. Another way to look at the discrep-
ancy between long term SOC and NECB estimates is to calculate
the hypothetical bias for Reco. Underestimation of Reco by EC can
occur due to nighttime advection and data gaps after rainfall events
(Baldocchi, 2003; Loescher et al., 2006; Mahrt et al., 2001). This bias
is minimized by ﬁltering and gap-ﬁlling, but there is a trade-off
between data quality and data coverage. Nevertheless, for the two-
year NECB of CAF-NT to agree with SOC rates, Reco would need to
increase by only 11% over the two  year study period. In future stud-
ies at the CAF sites, static chamber measurements of soil respiration
will be used to further assess estimation of Reco by EC.
34 S. Waldo et al. / Agricultural and Forest M
Ta
b
le
 
7
Su
m
m
ar
y 
of
 
re
su
lt
s 
fr
om
 
ot
h
er
 
m
u
lt
i-
ye
ar
 
to
w
er
-b
as
ed
 
m
ea
su
re
m
en
ts
 
ov
er
 
ag
ri
cu
lt
u
ra
l s
ys
te
m
s.
 
M
et
h
od
 
co
lu
m
n
 
ab
br
ev
ia
ti
on
s:
 
ed
d
y 
co
va
ri
an
ce
 
(E
C
),
 
ch
am
be
rs
 
(c
h
am
),
 
ﬂ
u
x 
gr
ad
ie
n
t (
ﬂ
u
x 
gr
ad
).
 
N
u
m
be
rs
 
in
 
p
ar
en
th
es
es
 
in
d
ic
at
e
th
e 
u
n
ce
rt
ai
n
ty
,  w
h
er
e  
av
ai
la
bl
e.
Lo
ca
ti
on
 
C
ro
p
(s
) 
M
et
h
od
 
St
ra
w
 
ex
p
? 
Ti
m
ef
ra
m
e 
C
u
m
u
la
ti
ve
 
N
EE
 
C
u
m
u
la
ti
ve
 
N
EC
B
 
A
ve
ra
ge
 
an
n
u
al
 
N
EE
 
A
ve
ra
ge
 
A
n
n
u
al
 
N
EC
B
 
R
ef
er
en
ce
G
er
m
an
y  
W
W
,  W
W
EC
 
Y
es
 
20
07
–2
00
9  
−5
40
 
(3
1)
 
−4
47
 
−2
70
 
−2
24
 
Sc
h
m
id
t 
et
 
al
. (
20
12
)
B
el
gi
u
m
 
Su
ga
r 
be
et
, W
W
, p
ot
at
o
se
ed
s,
 
W
W
EC
,  c
h
am
 
Y
es
 
20
04
–2
00
8 
−1
59
0 
(7
8)
 
−2
20
 
(1
40
) 
−3
98
 
−5
5 
A
u
bi
n
et
 
et
 
al
. (
20
09
)
A
la
ba
m
a,
 
U
S
W
W
 
co
ve
r  
cr
op
,  s
oy
be
an
s
EC
 
N
o  
20
07
–2
00
9
11
0  
−3
00
37
 
−1
00
G
eb
re
m
ed
h
in
 
et
 
al
.  (
20
12
)
Fr
an
ce
 
M
ai
ze
, w
h
ea
t,
 
ba
rl
ey
,
m
u
st
ar
d
EC
, c
h
am
 
Y
es
 
20
05
–2
00
9 
−2
04
0 
(1
40
) 
−6
50
 
(5
50
) 
−4
08
 
−1
30
 
(1
10
) 
Lo
u
be
t 
et
 
al
. (
20
11
)
C
h
in
a 
R
ic
e,
 
w
h
ea
t 
EC
 
Y
es
 
20
08
–2
00
9 
−2
34
 
16
4 
(9
5)
 
−1
17
 
82
 
(6
7)
 
M
a 
et
 
al
. (
20
13
)
C
an
ad
a  
M
ai
ze
,  f
ab
a,
 
sp
ri
n
g 
w
h
ea
t 
Fl
u
x  
gr
ad
 
Y
es
 
20
06
–2
00
8 
−3
05
 
(1
40
) 
−3
17
 
(1
52
) 
−1
02
 
−1
06
 
G
le
n
n
 
et
 
al
. (
20
10
)
Fr
an
ce
 
R
ap
es
ee
d
, W
W
, s
u
n
ﬂ
ow
er
 
EC
 
Y
es
 
20
05
–2
00
7 
−5
82
(3
5)
 
−1
4 
(9
0)
 
−1
94
 
−5
 
B
ez
ia
t 
et
 
al
. (
20
09
)
Fr
an
ce
 
Tr
it
ic
al
e,
 
m
ai
ze
, W
W
 
EC
 
Y
es
 
20
05
–2
00
7 
−8
90
 
(6
8)
 
−3
41
 
(1
20
) 
−2
97
 
−1
14
 
B
ez
ia
t 
et
 
al
. (
20
09
)
N
eb
ra
sk
a,
 
U
S 
R
ai
n
fe
d
 
so
yb
ea
n
—
m
ai
ze
 
EC
 
N
o 
20
02
–2
00
4 
−3
79
 
−7
1 
−1
90
 
−3
6 
V
er
m
a 
et
 
al
. (
20
05
)
Il
li
n
oi
s,
 
U
S 
C
or
n
, s
oy
be
an
 
EC
 
N
o 
19
97
–2
00
2 
−1
82
7 
18
0 
−3
05
 
30
 
H
ol
li
n
ge
r 
et
 
al
. (
20
05
)
W
as
h
in
gt
on
,  U
S 
W
W
, G
B
 
EC
 
N
o 
20
12
–2
01
3 
−5
37
 
(4
6)
 
20
2 
(6
0)
 
−2
66
 
10
1 
Th
is
 
st
u
d
y
W
as
h
in
gt
on
,  U
S 
TF
, W
W
 
EC
 
N
o 
20
12
–2
01
3 
−5
21
 
(3
4)
 
44
4 
(3
4)
 
−2
61
 
22
2 
Th
is
 
st
u
d
yeteorology 218–219 (2016) 25–36
5. Summary and conclusions
This study employed results from continuous eddy covariance
measurements to analyze seasonal, inter-annual, and inter-site
dynamics of the carbon exchange at two  contrasting agricultural
sites in the iPNW over two crop years. The sites represent extremes
in terms of precipitation and dryland management in the region:
CAF-NT is in the high precipitation region (550 mm yr−1), and is
under continuous cropping and no-till management. LIND receives
an average of 247 mm yr−1, and is under a crop-fallow rotation
and reduced tillage management. Net ecosystem exchange (NEE)
of CO2 was  monitored using eddy covariance, and biomass mea-
surements were used to estimate the net primary production, the
carbon imported via seeding, and to determine the carbon exported
in the harvested grain. The net ecosystem carbon balance (NECB),
or net carbon budget, was calculated by combining the NEE with
the lateral ﬂuxes of import via seeding and harvest export.
We  found that both sites were net carbon sinks, with two-
year NECBs of 202 ± 60 and 444 ± 34 g C m−2 for CAF-NT and LIND,
respectively. Much of the difference between the two sites is due
to the difference in harvested yield: CAF-NT exported 287 g C m−2
of winter wheat, while LIND only exported 79 g C m−2. The win-
ter wheat crop year dominated the C budget at both sites, while
the non-winter wheat years were approximately C neutral. The
lack of net C uptake at CAF-NT during the garbanzo bean crop year
was due to high levels of respiration, mostly due to breakdown of
wheat residue the preceding fall, offsetting the GPP of the garbanzo
growth. For LIND, the C neutrality of the tillage fallow was due to
low levels of both GPP and Reco during the fallow season. The C accu-
mulation (NECB) measured over the study period for both sites are
much larger in magnitude than SOC buildup determined via soil
surveys and modeling, but similar in magnitude to NECB values
found in other EC monitoring studies. However, there are several
ways to reconcile this discrepancy, including a NECB to SOC con-
version coefﬁcient. Furthermore, this result highlights a need for
longer-term monitoring, and a need to address any underestima-
tion of Reco.
Our monitoring at these sites will continue over the next sev-
eral years. Compiling results for multiple crop rotations will provide
more insight into the question of C cycling in the crop residue and
the related temporal offsets in the overall C budget. Though the EC
measurements cannot isolate SOC changes, they will be helpful in
informing models of soil C dynamics. Annual changes in the SOC
pool are small in relation to the total pool size, making it difﬁcult
to measure small changes with traditional methods. Additionally,
the lack of consistency in soil proﬁle measurement depths makes
it difﬁcult to compare overall SOC changes due to management
strategies (Stockle et al., 2012). The ﬁeld-integration and high time
resolution of the EC measurements will help to address those issues.
The analysis presented here and in the companion paper by Chi et al.
(2016) constitute baseline information to which future research
at Long-Term Agroecosystem Research sites in the region can be
compared.
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